A simple and rapid method was developed for the determination of 3,4-dihydroxyphenylalanine (dopa) and 5-S-cysteinyl-3,4-dihydroxyphenylalanine (5-S-cysteinyldopa) in proteins with the use of high-pressure liquid chromatography. With this method, it is demonstrated that mushroom tyrosinase can catalyse hydroxylation of tyrosine residues in proteins to dopa and subsequent oxidation to dopaquinone residues. The dopaquinone residues in proteins combine with cysteine residues to form 5-S-cysteinyldopa in bovine serum albumin and yeast alcohol dehydrogenase, whereas dopa is the major product in bovine insulin, which lacks cysteine residues.
Tyrosinase is a unique enzyme in melanocytes responsible for melanine formation (Jimbow et al., 1976) . It is a bifunctional enzyme catalysing both hydroxylation of tyrosine dopa and subsequent oxidation to dopaquinone (Hearing et al., 1980) . The high reactivity of dopaquinone leads to two major pathways. In the absence of thiol compounds, the intramolecular nucleophilic addition of the amino group takes place, giving ultimately the black melanin, eumelanin (Prota, 1980) . However, in the presence of thiol compounds, an extremely rapid addition of the thiol (Tse et al., 1976) leads to the production of thioether derivatives of dopa. For example, tyrosinase oxidation of dopa in the presence of cysteine affords 5-S-cysteinyldopa and its 2-S isomer in a ratio of 5:1 (Ito & Prota, 1977) . Further oxidation of cysteinyldopas results in the formation of the reddish melanin, pheomelanin (Prota, 1980) . Takahashi & Fitzpatrick (1966) isolated large amounts of dopa from the acid hydrolysates of mouse melanomas, and Agrup et al. (1978) detected 5-S-cysteinyldopa in the hydrolysates of human melanomas. In our comprehensive study (Ito et al., 1983a) we found high concentrations of the protein-bonded dopa and 5-S-cysteinyldopa not only in melanomas but also in black and yellow Abbreviations used: dopa, 3-(3,4-dihydroxyphenyl)-alanine; 5-S-cysteinyldopa, 3-(5-S-cysteinyl-3,4-dihydroxyphenyl)alanine; a-methyldopa, 2-methyl-3-(3,4-dihydroxyphenyl)alanine.
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hair of mice, and suggested that tyrosinase is responsible for the conversion of tyrosine residues in proteins into dopa and subsequently into 5-Scysteinyldopa residues as shown in Scheme 1.
In the present study, we developed a simple and rapid method to quantify the protein-bound dopa and 5-S-cysteinyldopa with the use of high-pressure liquid chromatography with electrochemical detection. With this method, we demonstrate that mushroom tyrosinase can catalyse the formation of dopa and 5-S-cysteinyldopa in proteins.
Experimental

Materials
Mushroom tyrosinase (2000 units/mg), yeast alcohol dehydrogenase, bovine insulin, L-dopa, DLa-methyldopa and glutathione were purchased from Sigma Chemical Co., St. Louis, MO, U.S.A. Bovine serum albumin, thioglycollic acid and other chemicals were from Wako Pure Chemical Industries, Osaka, Japan. 5-S-Cysteinyldopa was prepared as described by Ito et al. (1981 
Results
Acid hydrolysis of proteins and alumina extraction and chromatographic analysis of dopa and 5-Scysteinyldopa Acid hydrolysis of proteins is commonly performed in an evacuated sealed tube. However, this conventional method appeared not to be suitable for handling a large number of samples. Therefore we used screw-capped test tubes for the tyrosinase oxidation followed by acid hydrolysis. Catechols are extremely susceptible to autoxidation. In a previous study (Ito et al., 1983a) it was shown that catechols, especially 5-S-cysteinyldopa, are unstable in the absence of a reducing agent. In an attempt to prevent the oxidation, acid hydrolysis was carried out in the presence of thioglycollic acid under argon atmosphere, and the stability of dopa and 5-S-cysteinyldopa was examined. The possibility was then examined that dopa and 5-S-cysteinyldopa were formed as artifacts from tyrosine and cysteine during acid hydrolysis. The results shown in Table 1 indicate that under the hydrolytic conditions the formation of dopa and 5-S-cysteinyldopa was minimal or undetectable. Furthermore, amino acids, such as tryptophan, have some preventive effect on the hydroxylation of tyrosine, as has also been shown in a previous study (Ito et al., 1983b) .
The hydrolysate was subjected directly to alumina extraction to simplify the procedure; this was achieved by adjusting pH of the hydrolysate to 8.6 with 2.7M-Tris. Under these conditions the recoveries (means +S.D. for five determinations) of catechols in the standard solution were reasonably high: 69.1 + 3.6% for dopa, 69.7 + 4.7% for 5-Scysteinyldopa and 66.1 +4.1% for a-methyldopa.
Thioglycollic acid contained in the hydrolysis medium caused some problems; it was extracted by alumina, although in low yields, and in chromatograms gave a broad peak that interfered with dopa. These problems were overcome with a solvent system containing octanesulphonate, which retarded the catecholic amino acids but not thioglycollic acid. Under the chromatographic conditions described in the Experimental section, dopa, 5-S-cysteinyldopa and a-methyldopa appeared at about 8, 11 and 13 min respectively. Oxidation ofproteins by tyrosinase Bovine serum albumin contains 19 tyrosine and 1 cysteine residues per molecule. The protein was incubated with mushroom tyrosinase, and proteinbonded dopa and 5-S-cysteinyldopa were analysed after acid hydrolysis and alumina extraction (Fig.   1 of protein-bonded catechols (Fig. 1) , indicating that the reaction was indeed tyrosinase-dependent. Although the protein-bonded 5-S-cysteinyldopa found in the samples without incubation (Fig. 1 , Omin) might arise as artifacts during acid hydrolysis, the increase after incubation must be ascribed to enzymic formation.
The effect of glutathione (1 pmol) was next examined to see whether the dopaquinone residue(s) in bovine serum albumin could react with the physiological thiol. The yields of 5-S-cysteinyldopa increased only slightly (1.4-fold) with the addition of glutathione (Fig. 2) , indicating that the sole cysteine residue in the protein is capable of binding with the dopaquinone residue(s). The effect of ascorbic acid (1O pmol) was also examined, inasmuch as the compound has the ability to reduce dopaquinone rapidly back to dopa (Tse et al., 1976) and the formation of 5-Scysteinyldopa was thus expected to be prevented. The formation of protein-bonded dopa, instead of 5-S-cysteinyldopa, was found to proceed rapidly and linearly with time (1.31 nmol/120min with 100 Mug of tyrosinase; results not shown). However, the reaction also occurred rapidly (1.OOnmol/ 120min) with the heat-denatured enzyme. Thus it appeared that most of the dopa was produced non-enzymically, possibly by the Fenton-type hydroxylation reaction catalysed by Fe2+ (Breslow & Lukens, 1960 ) present in trace amounts.
Yeast alcohol dehydrogenase contains 14 tyrosine and 8 cysteine residues per monomer.. As shown in Fig. 3 , oxidation of the protein by tyrosinase gave results similar to those with bovine serum albumin, but the yields of protein-bonded 5-S-cysteinyldopa increased 3-fold. The rate of 5-Scysteinyldopa formation was proportional to the amount of tyrosine added.
We then examined the behaviour of bovine insulin, which contained 4 tyrosine but no cysteine residues. Protein-bonded dopa increased almost linearly with time, whereas 5-S-cysteinyldopa showed little increase (Fig. 4) . The slight increase of the latter may be ascribed to cysteine residues in tyrosinase.
Discussion
Oxidation of peptides and proteins by tyrosinase has been studied by several groups. Yasunobu et al. (1959) have reported spectroscopic evidence for the alteration of tyrosine-containing peptides on incubation with tyrosinase. Cory & Frieden (1967a) have shown that oxidized B-chain of insulin is oxidized by tyrosinase with a decrease in tyrosine. They have also shown that yeast alcohol dehydrogenase (Cory & Frieden, 1967b) and bovine serum albumin (Frieden et al., 1959) serve as substrates for tyrosinase. In those studies, however, the reaction products were not identified. The present study demonstrates that tyrosinase can catalyse the hydroxylation of tyrosine residues in proteins to dopa and the subsequent oxidation to dopaquinone residues (Scheme 1). 5-S-Cysteinyldopa is the major product in bovine serum albumin and alcohol dehydrogenase, which contain cys-teine residue(s), whereas dopa is formed in insulin, which lacks cysteine residues. Agrup et al (1982) have reported that the oxidation of free tyrosine by tyrosinase gives cysteinyldopa, with little accumulation of dopa, as long as cysteine is present. Thus the behaviour of tyrosine in proteins is similar to that of free tyrosine. Although dopa or 5-S-cysteinyldopa is the major product identified by chromatography, the possibility cannot be ruled out that, in addition to these catechols, other products may be formed from dopaquinone residues in proteins. For example, the amino group of a lysine residue is also capable of the nucleophilic addition to dopaquinone, although the reaction should be much slower than that of the thiol group of a cysteine residue (Tse et al., 1976) .
The natural occurrence of dopa in proteins has rarely been reported. The protein-bonded dopa has been found in melanoma tissues (Takahashi & Fitzpatrick, 1966; Agrup et al., 1978; Ito et al., 1983a) , melanosome preparations from melanomas and other melanin-producing tissues (Duchon et al., 1973; Ito et al., 1983a) and mouse hair (Ito et al., 1983a) . More recently, Waite (1983) has isolated from the marine mussel Mytilus edulis an adhesive protein containing a large amount (11%) of dopa. The occurrence of cysteinyldopa in proteins has been reported only by Agrup et al. (1978) and by Ito et al. (1983a) .
The present study developed a simple and rapid method to identify and quantify dopa and 5-Scysteinyldopa present in proteins. We hope that the method will facilitate study of the occurrence and significance of protein-bonded dopa and 5-Scysteinyldopa in biological samples.
